Sequence analysis of the 330-kb genome of chlorella virus PBCV-1 revealed an open reading frame, A464R, which encodes a protein with 30 -35% amino acid identity to ribonuclease III (RNase III) from many bacteria. The a464r gene was cloned and the protein was expressed in Escherichia coli using the chitin-binding intein system. The recombinant PBCV-1 RNase III cleaves model dsRNA substrates, in a Mg 2ϩ -dependent manner, into a defined set of products. The substrate cleavage specificity overlaps, but is nonidentical to that of E. coli RNase III. The a464r gene is expressed very early during PBCV-1 infection, within 5-10 min p.i. The RNase III protein appears at 15 min p.i. and disappears by 120 min p.i. The a464r gene is highly conserved among the chlorella viruses. Phylogenetic analyses indicate that the PBCV enzyme is most closely related to Mycoplasma pneumoniae RNase III.
Introduction
Ribonucleases III (RNases III) are multifunctional, ubiquitous enzymes present in prokaryotic and eukaryotic organisms. They are involved in the processing of cellular and viral precursor RNAs to produce mature functional rRNAs, mRNAs, and tRNAs. RNases III are also involved in the degradation of specific mRNAs (Court, 1993; Nicholson, 1999 Nicholson, , 2003 Conrad and Rauhut, 2002; Lamontagne et al., 2001) . RNases III recognize dsRNA structures and cleave them at specific sites. In addition to functions in RNA processing, RNase III-like enzymes participate in gene inactivation by a process called RNA interference (RNAi), and in gene regulation during development. RNAi is implemented by short (ϳ22 nucleotides) interfering RNAs (siRNAs), whereas the control of developmental processes depends on small temporal RNAs (stRNAs). The enzyme responsible for producing siRNAs and stRNAs from precursor dsRNAs is called Dicer (Bernstein et al., 2001; Ambros, 2001 ). Both RNase III and Dicer are members of a family of proteins referred to as the RNase III superfamily (Aravind and Koonin, 2001; Lamontagne et al. 2001; Conrad and Rauhut, 2002; Nicholson, 2003) .
Computer analysis of the 330-kb dsDNA genome of chlorella virus PBCV-1, the prototype virus of the genus Chlorovirus (family Phycodnaviridae) (Van Etten et al., 1991; Van Etten and Meints, 1999; Van Etten, 2000 , revealed an open reading frame (ORF) encoding a putative RNase III (Kutish et al., 1996) . We demonstrate here that the PBCV-1 encoded protein has catalytic activity similar to that of Escherichia coli RNase III.
Results

The PBCV-1 ORF A464R polypeptide resembles RNase III
Database searches of the predicted 373 virus PBCV-1 protein encoding genes identified an ORF (A464R) with 30% to 35% amino acid identity to RNases III from many bacteria, including Mycoplasma pneumoniae (Himmelreich et al., 1996) , E. coli (Nashimoto and Uchida, 1985) , and Thermotoga maritima (Nelson et al., 1999) , and to a lesser extent with RNases III from eukaryotic organisms, including human (Wu et al., 2000) , mouse (Fortin et al., 2002) ; Drosophila melanogaster, Caenorhabditis elegans (Filippov et al., 2000) , and two yeast species (Xu et al., 1990; Elela et al., 1996) (Fig. 1) . ORF A464R contains the nine amino acid conserved sequence (D/E/Q)(K/R/Q/T)(L/ M)E(F/Y/W)(L/V)GD(S/A/R/H) in the N-terminal portion of the protein, which is characteristic of RNase III enzymes (Prosite: PDOC00448). It also contains an ϳ65-amino acid dsRNA binding domain in the C-terminal portion of the Fig. 1 . Amino acid alignment of RNases III from human (aaf80558), D. melanogaster (aaf59169), C. elegans (O01326), S. cerevisiae (S56053), S. pombe (S12605), E. coli (A91058), M. pneumoniae (S73623), T. maritima (H72294), and PBCV-1. Alignments were done with the Wisconsin GCG Pileup program. The 9-amino acid RNase III family signature is indicated with asterisks. Six potential start sites for the PBCV-1 A464R are underlined. protein [Prosite: PDOC50137] with a predicted ␣␤␤␤␣ structure, which is characteristic of RNases III.
ORF A464R has six potential translation initiation codons (at positions 1, 8, 17, 18, 48, and 60 ) that specify proteins of 275, 268, 259, 258, 228 , and 216 amino acids, respectively (Fig. 1) . Typically, the 50 nucleotides upstream of the start codons of PBCV-1 protein-coding genes are Ͼ70% A ϩ T (Van Etten and Meints, 1999; Van Etten, 2003) . However, none of the six potential start codons for A464R meet this condition, as the 50 nucleotides upstream of the six possible start codons have 50%, 66%, 58%, 58%, 48%, and 62% A ϩ T nucleotides for start sites 1 to 6, respectively. To eliminate the possibility of a sequencing error(s) in the 5Ј upstream region, we resequenced the 200 nucleotides upstream of the first ATG codon, as well as the gene itself. The nucleotide sequence was identical to the original report (Kutish et al., 1996) .
The amino acid alignment of A464R with RNases III from other organisms indicates that eukaryotic RNases III are larger than those from bacteria and PBCV-1, primarily due to extensions in the N-terminal regions of the proteins (Fig. 1) . PBCV-1 A464R has five small internal deletions of 3-6 amino acids after amino acid residues 52, 81, 144, 174, and 211, which are shared by at least some of the other RNases III (Fig. 1) . The G ϩ C content of the amino acid coding portion of the a464r gene is 42%, nearly identical to the 40% G ϩ C content of the PBCV-1 genome (Van Etten et al., 1985) .
Overexpression and purification of recombinant PBCV-1 RNase III
To produce a recombinant A464R protein, we chose the first ATG codon as the translational initiation codon for two reasons. (1) Of the six potential starting codons, the first ATG site was the only one with a TATAAT box-like sequence immediately upstream of the start codon; an AATAAT sequence begins at nucleotide position Ϫ11. (2) There is considerable length variation in the N-terminal region of RNases III. Therefore, even if one of the other codons is the correct initiation site, we assumed the additional N-terminal amino acids were unlikely to influence enzyme activity.
The a464r gene was cloned into expression vector pTYB1 as a fusion to a C-terminal chitin-binding intein tag. Expression of the plasmid pTYBRNaseIII in E. coli produced an expected ϳ84-kDa polypeptide following induction with isopropyl-␤-D-thiogalactopyranoside (IPTG). About 10% of the A464R fusion protein appeared in the soluble fraction of the bacterial extract. After cleavage of the intein, a single polypeptide with the expected size of ϳ31 kDa eluted from the chitin-binding column (Fig. 2,  lane 4) . Approximately 0.5 mg of soluble recombinant protein was obtained per liter of cell culture. The molecular size of the PBCV-1 RNase III on a nondenaturing polyacrylamide gel is ϳ64 kDa, suggesting that the enzyme is a homodimer like the E. coli enzyme (Dunn, 1976) .
Catalytic activity of recombinant PBCV-1 RNase III
We tested the ability of purified PBCV-1 RNase III to cleave a model dsRNA substrate in vitro. A substrate containing a 65-bp segment was prepared by annealing a 32 Plabeled plasmid run-off transcript with the nonradioactive complementary sequence (see materials and methods section). The dsRNA was incubated with purified PBCV-1 RNase III in Mg 2ϩ -containing buffer, stopped with EDTA, and the products electrophoresed in a denaturing polyacrylamide gel. The results of a representative assay are shown in Fig. 3 , where it is seen that PBCV-1 RNase III cleaves the dsRNA in an Mg 2ϩ -dependent manner (Fig. 3 , compare lane 3 with lanes 1 and 2). PBCV-1 RNase III exhibits site specificity, as a defined set of products is formed. The most prominent product has an estimated size of ϳ40 bp, which is the single major product observed at extended reaction times (Fig. 3, lane 8) . The cleavage pattern is dependent upon the duplex structure of the substrate, as a cleavage assay using the 32 P-labeled T7 transcript in the absence of an annealed nonradioactive sequence only provided weak cleavage, and at different sites (results not shown). This result was similar to that seen with E. coli RNase III (results not shown) and in both cases can be attributed to the presence of short and imperfect base-paired intramolecular structures in the G,C-rich T7 transcript. Interestingly, the main cleavage product comigrates with one of the several products of E. coli RNase III cleavage of the same substrate (Fig. 3 , compare lane 4 with lane 5). The apparent overlap in substrate specificity for PBCV-1 RNase III and E. coli RNase III is examined further below.
Other experiments revealed that the optimum Mg 2ϩ concentration for dsRNA cleavage by PBCV-1 RNase III is ϳ5 mM (results not shown), similar to that of E. coli RNase III . PBCV-1 RNase III also can use Mn 2ϩ as a catalytic cofactor, with a concentration of ϳ1 mM providing optimal activity (results not shown). Mn 2ϩ also causes the production of additional cleavage products, which is similar to the behavior of E. coli RNase III in the presence of Mn 2ϩ (Gross and Dunn, 1987; Li and Nicholson, 1996) . The PBCV-1 recombinant enzyme has been stored for over a year at Ϫ20°C without detectable loss of activity.
Substrate specificity of PBCV-1 RNase III
The major product of dsRNA cleavage common to PBCV-1 RNase III and E. coli RNase III suggested a similarity in substrate specificity. To explore this possibility we examined the ability of PBCV-1 RNase III to cleave a well-characterized E. coli RNase III substrate. R1.1 RNA (Fig. 4B ) is a 60-nucleotide RNA hairpin, based on the R1.1 RNase III processing signal encoded in the genetic early region of bacteriophage T7, between genes 1 and 1.1 (Dunn and Studier, 1983) . R1.1 RNA is cleaved by E. coli RNase III at the indicated site Li et al., 1993) , which is the same site utilized in vivo during maturation of the polycistronic early mRNA precursor (Dunn and Studier, 1983) . A small amount of in vitro cleavage also occurs at the indicated secondary site, which is not recognized by E. coli RNase III in vivo. 5Ј-32 P-labeled R1.1 RNA was incubated with PBCV-1 RNase III, and the reaction products electrophoresed in a thin denaturing polyacrylamide gel. Cleavage sites were mapped by comparison to a P1 nuclease reaction on R1.1 RNA under conditions that provide preferential cleavage at G residues (Cruz-Reyes et al., 1998) . PBCV-1 RNase III cleaves R1.1 RNA in a site-specific manner, with at least seven major cleavage sites observed, along with several minor sites (Fig. 4A , lane 1). One cleavage product comigrates with the major product of E. coli RNase III cleavage of R1.1 RNA (Fig. 4A , compare lanes 1 and 2). Thus, PBCV-1 RNase III recognizes the canonical cleavage site between U47 and G48. The R1.1 RNA secondary cleavage site (between U19 and C20) is also recognized by PBCV-1 RNase III, but to a lesser extent than seen with E. coli RNase III. We conclude that PBCV-1 RNase III possesses a substrate cleavage specificity that overlaps with, but is not identical to that of E. coli RNase III.
Expression of the a464r gene in PBCV-1-infected cells
RNA was extracted at various times after virus infection and hybridized to a single-stranded antisense a464r probe to determine if the gene is transcribed during PBCV-1 replication. The probe hybridized to a 1.3-kb RNA transcript extracted at 10 min p.i.; the intensity of the hybridization signal increased until 20 min p.i., and then decreased rapidly (Fig. 5A ). This RNA transcript is a reasonable size for a 275-amino acid protein. Since PBCV-1 DNA synthesis begins 60 -90 min p.i. (Van Etten et al., 1984) , a464r is expressed as a very early gene.
Antibody to the A464R protein reacted with a protein in viral-infected cell extracts prepared at 15, 30, 45, 60, and 90 min p.i. (Fig. 5B) . However, the native protein (ϳ28 kDa) was slightly smaller than the recombinant protein (ϳ31 kDa), which is expressed from the first start codon in the a464r gene (compare the last two lanes in Fig. 5B ). Therefore, translation of the authentic A464R protein probably begins at one of the internal a464r ATG codons, possibly one of two adjacent start codons, number 17 or 18. A start codon at either of these positions would result in a protein of ϳ28 kDa. The A464R protein decreased in virus infected cells at 60 -90 min p.i. and then disappeared. The disappearance indicates that the A464R protein is either degraded during the later stages of virus replication or that it is released into the medium.
To determine if the protein was released into the medium, cells were removed from 20 ml of culture by centrifugation at 180 and 360 min p.i. Extracellular protein was precipitated from the supernatant with 5 volumes of acetone and subjected to Western analysis. A464R was not detected in the medium. As a control, A464R protein was detected Fig. 3 . Catalytic activity of PBCV-1 RNase III. Cleavage assays were performed as described (Amarasinghe et al., 2001 ) with some modifications. The assay buffer consisted of 100 mM NaCl, 10 mM MgCl 2 , 20 mM HEPES (pH 8.0), 5 mM DTT, 1 mM EDTA, 0.1% Triton X-100, and 20% glycerol. RNase III was combined with 32 P-labeled dsRNA (see Materials and methods section) in buffer lacking MgCl 2 , and incubated at 37°C. MgCl 2 was added at the specified concentration to initiate the reactions, which were incubated for the specified time, then stopped by adding gel loading buffer containing 20 mM EDTA. Samples were electrophoresed at room temperature in a 15% polyacrylamide gel containing TBE buffer. Reactions were visualized by phosphoimaging. The components of each reaction are indicated above the phosphoimage. The incubation time was 50 min for lanes 1-5, while for the experiments in lanes 6 -8 the incubation time was 5, 10, and 30 min. The arrow on the left indicates the position of the uncleaved substrate, while the asterisk on the right indicates the position of the major cleavage product. when 2 g of recombinant protein was added to the medium and carried through the same process (results not shown).
Occurrence of the a464r gene in other chlorella viruses
To determine if the a464r gene is common among the chlorella viruses, genomic DNAs from 47 chlorella viruses isolated from diverse geographical regions, as well as the host chlorella, were hybridized to the a464r probe used in the northern analyses (Fig. 6) . DNA from 36 of the viruses that infect Chlorella NC64A (NC64A viruses) hybridized strongly with the probe while weak hybridization was observed with the other 6 NC64A viruses, NYs-1, IL-5-2s1, MA-1D, NY-2B, NY-2A, and Ar158. Typically, the nucleotide sequences of homologs in these six viruses differ sufficiently from PBCV-1 that hybridization signals are In both panels the black arrows and gray arrows indicate cleavage by PBCV-1 RNase III and E. coli RNase III, respectively. Areas designated as "US" (upper stem) and "LS" (lower stem) represent sites of cleavage whose sites were not precisely mapped.
barely detectable [e.g., see the type II DNA topoisomerase gene (Fortune et al., 2001)] . No hybridization was detected with DNA from the Chlorella NC64A host or DNAs from the five viruses that infect Chlorella Pbi (Pbi viruses).
This result indicates that RNase III is probably important for chlorella virus replication since all 42 NC64A viruses encode an apparent RNase III gene. Usually, the nucleotide identity of homologs between the NC64A and Pbi viruses is 60% to 65% (Van Etten and Meints, 1999) . Therefore, the lack of a464r hybridization with the Pbi viruses probably results from sequence differences rather than lack of the RNase III gene.
Phylogenetic analyses
Phylogenetic analyses of the PBCV-1 RNase III gene, with inferred homologs from prokaryotes, eukaryotes, and viruses associated with metazoans, revealed fairly wellsupported relationships among closely related enzymes, but tenuous support for deeper nodes (Fig. 7) . Neighbor joining and maximum likelihood trees were concordant. The enzymes of animal viruses were monophyletic. Rana tigrina (tiger frog) ranavirus and lymphocystis disease virus (Chinese flounder) formed a clade with the infectious spleen kidney necrosis virus. 
Discussion
This study demonstrates that chlorella virus PBCV-1 contains an ORF that encodes a functional RNase III. The enzyme has many properties comparable with other RNases III, especially those from bacteria. Depending on their source, the size of RNase III proteins vary considerably. Bacterial RNases III are the smallest enzymes, ϳ225 amino acids. The N-terminal portion of these bacterial proteins contains the 9-amino acid RNase III signature sequence. The C-terminal domain contains the dsRNA-binding motif, which is ϳ65 amino acids. In contrast, proteins from eukaryotes that contain RNase III signature domains are typically several hundred amino acids longer, primarily because of extensions at the N-terminus. Several versions of RNase III and RNase III-like proteins occur in eukaryotes. For example, enzymes such as Rnt1p from S. cerevisiae (Elela et al., 1996) and Pac1p from S. pombe (Iino et al., 1991; Rotondo and Frendewey, 1996) have ϳ200 amino acids that precede the RNase III signature domain. "Drosha" proteins from D. melanogaster and C. elegans (Filippov et al., 2000) have two adjacent RNase III signature domains plus an extra 700ϩ amino acids at the N-terminus. Some proteins also have a helicase domain that precedes two RNase III catalytic domains. Examples include the helicase MOI protein from humans and the helicase K12H4.8 protein from C. elegans (Conrad and Rauhut, 2002) . These proteins range up to ϳ2000 amino acids in size and are most likely Dicer orthologs, which are responsible for producing small ϳ22 nucleotide dsRNAs involved in both animal development as well as gene silencing (Ambros, 2001). A recently described 1374-amino acid RNase III protein from human and mouse, beginning at the Nterminus, has a Pro-rich region, a Ser/Arg-rich region, a stretch of ϳ478 amino acids, two RNase III catalytic domains, and a dsRNA binding domain (Wu et al., 2000; Fortin et al., 2002) .
The PBCV-1 RNase III resembles bacterial enzymes both in size and activity. Phylogenetic analyses indicate the PBCV enzyme is most closely related to M. pneumoniae RNase III (Himmelreich et al., 1996) . The M. pneumoniae enzyme has the longest branch length of all taxa included in the analyses, suggesting that the PBCV-1 affinity to M. pneumoniae could be an artifact of phylogenetic methodology (long-branch attraction; Felsenstein, 1993) . Therefore, we used an analytical method (maximum likelihood) and a model of sequence evolution that takes disparate rates of evolution into account. Although neighbor-joining (a method demonstrably sensitive to long-branch attraction) weakly supported a PBCV-1-prokaryote relationship, the maximum likelihood analysis indicated strong support (95% quartet puzzling frequency, 10,000 steps). Although PBCV-1 and M. pneumoniae RNase III genes are quite divergent from the other prokaryotic and viral sequences analyzed, we failed to recover evidence that portions of their domains arose via horizontal transfer, or a deep gene duplication event with lineage sorting.
To the best of our knowledge, this report describes the first characterization of a virus-encoded RNase III. Although RNase III genes are common in the chlorella viruses (Fig. 6) , the only other completely sequenced Phycodnavirus, EsV-1, that infects a marine filamentous brown alga, Ectocarpus siliculosus, lacks an RNase III gene (Delaroque et al., 2001) . Several iridoviruses, including Chilo iridescent virus (Jakob et al., 2001 ), lymphocystis disease virus (Tidona and Darai, 1997) , and infectious spleen and kidney necrosis virus (He et al., 2001) , as well as an Ascovirus, Diadomus pulchellus virus (Bigot, accession number CAC19124), encode ORFs that resemble RNases III. These four putative RNases III are predicted to be about the same size as the PBCV-1 enzyme and they have 25% to 30% amino acid identity with PBCV-1 RNase III.
Two early reports indicate that dsRNA degrading activity of unknown function is associated with Frog virus 3 (FV3) virions (Palese and Koch, 1972; Kang and McAuslan, 1972; reviewed in Nicholson, 1996) . Unfortunately, the FV3 genome, also an iridovirus, has not been sequenced, and so it is not known if FV3 contains an RNase III gene. However, as indicated above, genomes of three other iridoviruses contain a putative RNase III gene. Assuming the FV3 dsRNA-degrading activity results from a virus-encoded RNase III, the FV3 and PBCV-1 viruses differ in that RNase III is not packaged in PBCV-1 virions (Fig. 5B) .
The function of the PBCV-1 RNase III is unknown. As mentioned above, RNase III serves many roles in cells, including the maturation of rRNAs, mRNAs, and tRNAs as well as the degradation of mRNAs (Court, 1993; Nicholson, 1999 Nicholson, , 2003 Lamontagne et al., 2001; Conrad and Rauhut, 2002) . One unusual characteristic of the chlorella viruses is that they encode as many as 16 tRNAs (Nishida et al., 1999; Cho et al., 2002) ; PBCV-1 encodes 11 tRNAs. Like bacterial tRNA genes, the viral genes are clustered and individual genes are separated by only a few nucleotides. None of the virus tRNAs have a CCA sequence encoded at the 3Ј end of the acceptor stem. Typically these three nucleotides are added posttranscriptionally. Some, if not all, of the viral tRNAs are aminoacylated in vivo, suggesting that they function in viral protein synthesis (Nishida et al., 1999) . Also there is a strong correlation between the identities of the virus-encoded tRNAs and viral gene codon usage (Nishida et al., 1999) . The virus-encoded tRNAs contain internal A and B boxes characteristic of eukaryotic RNA polymerase III promoter elements, suggesting the tRNAs might be transcribed individually by RNA polymerase III (Nishida et al., 1999) . However, the virus tRNA genes are transcribed as a large precursor, which is processed via intermediates to mature species. Using chlorella virus CVK2 as a reference, this processing begins ϳ40 min p.i. and is mostly complete by 120 min p.i. (see Fig. 5 , Nishida et al., 1999) . This processing coincides with the appearance and disappearance of PBCV-1 RNase III. Therefore, it is possible that RNase III is involved in the processing of the chlorella virus tRNAs. While this possibility remains speculative, there is a precedent for such a function. The maturation of bacteriophage T4-encoded tRNAs involves E. coli RNase III (McClain, 1979; Barkay and Goldfarb, 1982; Gurevitz and Apirion, 1983; Pragai and Apirion, 1981) . The importance of RNase III in T4 tRNA maturation is revealed by the consequences of mutational suppression of RNase III, which causes the defective maturation and accelerated degradation of at least one of the T4 tRNAs (McClain, 1979; Gurevitz and Apirion, 1983) .
Materials and methods
Strains and culture conditions
The production and purification of the chlorella viruses and the isolation of their DNAs have been described (Van Etten et al., 1981 . E. coli strains DH5␣MCR (E. coli Genetic Stock Center, New Haven, CT) and ER2566 (New England Biolabs, Beverly, MA) were grown in Luria-Bertani (LB) medium (Sambrook and Russell, 2001) Cloning and expression of PBCV-1 RNase III PBCV-1 a464r was cloned from PCR-amplified viral DNA using the following oligonucleotide primers: 5Ј primer: GGT-GGTCATATGGAAAATATTTCGAAGTGT; 3Ј primer: GGTGGTTGCTCTTCCGCAATGAATAAATTCCTCGGG. The 5Ј primer contained an NdeI restriction site and the 3Ј primer contained a SapI restriction site. The a464r gene was amplified with Vent DNA Polymerase (New England Biolabs) in 100-l reactions that contained 1 pg of virus DNA, 100 pM of each primer, 0.2 mM of each dNTP, and 10 l of ThermoPol buffer (New England Biolabs) by 35 cycles of heating and cooling: 1 min at 94°C for denaturing, 1 min at 50°C for annealing, 1 min at 72°C for elongation, and finally 7 min at 72°C. The PCR products were digested with NdeI and SapI and inserted into the NdeI/SapI sites of the pTYB1 expression vector (New England Biolabs). This process resulted in the fusion of the target gene adjacent to the chitin-binding intein tag.
The construction of the recombinant expression plasmid, named pTYBRNaseIII, was confirmed by DNA sequencing. RNase III was expressed in E. coli ER2566, which contains the T7 RNA polymerase gene under the control of an IPTG-inducible lac promoter. Cells were transformed with pTYBRNaseIII and grown overnight in LB medium at 37°C. Flasks containing 400 ml of LB medium supplemented with 100 g/ml ampicillin were inoculated with 1/40 volume of the overnight culture, and incubated at 37°C until the absorbance at 595 nm reached 0.6 -0.8. Cells were induced with 0.5 mM IPTG (Sigma, St. Louis, MO) for 4 h at 25°C. Cells from 2 liters of culture were harvested by centrifugation at 4,000 ϫ g for 5 min and resuspended in 100 ml cell lysis buffer [20 mM Na-HEPES buffer (pH 8.0), 500 mM NaCl, 1 mM EDTA, 0.1% Triton X-100]. Cells were disrupted on ice by sonication for 4 min using a Tekmar sonic disruptor at 100% amplitude, in 5-s pulses. Samples were centrifuged at 12,000 ϫ g for 10 min to separate soluble and insoluble fractions.
Purification of RNase III
Chitin beads (New England Biolabs), equilibrated with column buffer (20 mM Na-HEPES, pH 8.0, 500 mM NaCl, 1 mM EDTA), were added to the E. coli extracts and mixed for 1 h at 4°C. The beads were loaded on a column and washed with 10 bed volumes of column buffer. The column was washed quickly with 3 bed volumes of the cleavage buffer [20 mM Na-HEPES buffer (pH 8.0), 500 mM NaCl, 1 mM EDTA, 50 mM dithothreitol (DTT)] and then left at 4°C for 16 -24 h before eluting RNase III. The intein undergoes self-cleavage in the presence of thiols such as DTT that releases RNase III from the chitin-bound intein tag. The eluate was stored at Ϫ20°C in 60% glycerol.
Protein analysis
Chlorella cells (6 ϫ 10 9 ) were collected at various times after PBCV-1 infection, frozen in liquid nitrogen, and stored at Ϫ80°C. Cells were disrupted in 500 l of cell lysis buffer [10 mM Tris-HCl buffer (pH 8.0), 150 mM NaCl, 10 mM ␤-mercaptoethanol, 3.4 mM phenylmethylsulfonyl fluoride] by vortex mixing with 200 mg of 0.1-mm glass beads at high speed for 5 min. Protein was separated on a 4 -20% SDS-PAGE gel (Cambrex, Rockland, ME), stained with Coomassie Brilliant Blue R or transferred to a nitrocellulose membrane, and reacted with PBCV-1 RNase III antiserum; the antiserum was preincubated with an acetone powder of host chlorella cell protein (Harlow and Lane, 1998) . Protein concentrations were measured using the Coomassie Plus Protein Assay reagent kit (Pierce, Rockford, IL).
Substrate synthesis
A 5Ј-32 P-labeled R1.1 dsRNA substrate was prepared by annealing two complementary RNAs encoded by pBluescript II KS(Ϫ) (Stratagene, Inc., LaJolla, CA) (Amarasinghe et al., 2001) . One strand (87 nucleotides) was synthesized by T3 RNA polymerase transcription of EagI-cleaved plasmid. The complementary sequence (97 nucleotides) was obtained by T7 RNA polymerase transcription of XhoIcleaved plasmid. RNAs were purified by gel electrophoresis as described (Amarasinghe et al., 2001) , and the T7 transcript was 5Ј-32 P-labeled by treating RNA (previously dephosphorylated with calf alkaline phosphatase) with [␥- 32 P]ATP (3000 Ci/mmol) and T4 polynucleotide kinase. Transcripts were annealed in buffer [20 mM KCl, 50 mM Tris-HCl (pH 7.9), 0.1 mM EDTA] by heating at 65°C for 10 min, then at room temperature for 1 h. The dsRNA substrate created in this manner is expected to have an uninterrupted 65-bp central region, with 32 nucleotide and 22 nucleotide 5Ј and 3Ј single-strand extensions, respectively. Aliquots of the annealing reactions were added directly to the cleavage assay. The cleavage assay conditions are provided in the legends to Figs. 3 and 4. R1.1 RNA was synthesized and purified by established procedures (Amarasinghe et al., 2001) , then 5Ј-32 P-labeled as described above.
Northern and dot blot analyses
Chlorella cells (1 ϫ 10 9 ) were collected at various times after PBCV-1 infection, frozen in liquid nitrogen, and stored at Ϫ80°C. RNA was extracted with TRIzol reagent (Invitrogen, Carlsbad, CA), denatured with formaldehyde, separated on 1.2% agarose gels, and transferred to nylon membranes (Micron Separations Inc., Westborough, MA) as described (Graves et al., 2001) . RNA was hybridized to an antisense 32 P-single-stranded a464r probe (Graves and Meints, 1992) at 65°C in 50 mM NaPO 4 , 1% BSA, and 2% SDS. The probe was labeled with 32 P using a randomprimer DNA labeling kit (Invitrogen). After hybridization, radioactivity bound to the membranes was detected using a Storm 840 Phosphorimager and ImageQuant software (Molecular Dynamics, Inc., Sunnyvale, CA). To monitor possible loading differences between samples, the relative amount of the 3.6-kb rRNA in each lane was determined by converting the photographs of stained membranes to digital images using a Hewlett-Packard ScanJet 4C scanner and analysing the images with ImageQuant software.
Viral DNAs used for dot blots were denatured and applied to nylon membranes, fixed by UV cross-linking, and hybridized with the same probes used for the Northern analysis.
Phylogenetic analyses
Amino acid sequences were aligned using Clustal X (Thompson et al., 1997) and then optimized manually with MacClade 4.02 (Maddison and Maddison, 2001) . Unshared domains that were not present among the majority of taxa were removed from the analysis, and the remaining blocks of the alignment were partitioned as conserved blocks separated by variable length regions. An incongruence length difference test (Farris et al., 1994) was conducted on each of the partitions individually against the entire matrix of included characters using parsimony as implemented in PAUP*4.0b10 (Swofford, 2002) . Gaps in the alignment were treated as missing data. Heuristic searches used starting trees obtained by stepwise addition (simple addition sequence). The branchswapping algorithm was TBR (treebisection-reconnection) and the initial maximal number of trees examined was constrained to 100.
Phylogenetic trees were constructed using maximum likelihood and neighbor-joining approaches. The maximum likelihood analysis assumed an amino acid sequence evolution model of Jones et al. (1992) . Amino acid substitution frequencies were estimated empirically from the multiple sequence alignment. The model of rate heterogeneity assumed eight ⌫-distributed rate categories. The distribution parameter of gamma (alpha) was 1.47 (SE ϭ 0.09), also estimated from the data set. The maximum likelihood tree was identified via 100,000 quartet puzzling steps using PUZZLE 4.0.2. Branch support for each node in the unrooted tree was inferred as the percentage of shared bipartitions from among the 46,376-analyzed quartets. A chi square test of departure from usage stationarity of amino acid usage among the sequences was performed using PUZZLE 4.0.2. (Strimmer and Von Haeseler, 1996) .
The neighbor-joining tree was constructed using the PAM matrix model of probabilities of change between amino acids (Dayhoff et al., 1978) with the Protdist and neighbor programs in PHYLIP (Felsenstein, 1993) . Tree building included subreplicates and random input order of taxa. Branch support was estimated using the same parameters, but from 1000 bootstrap-resampled data sets generated using the Seqboot and Consense program of PHYLIP. The complete annotated alignment and trees have been deposited in TreeBase, accession number SN1420.
Other procedures
DNA and putative protein sequences were analyzed with the GCG Wisconsin Package Version 10.1 software (Genetics Computer Group, 2000) . The GenBank accession numbers for PBCV-1 ORF A464R are U42580 and T17966.
